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Abstract 

Background The molecular genetic diagnosis of congenital adrenal hyperplasia (CAH) is very challenging due 
to the high homology between the CYP21A2 gene and its pseudogene CYP21A1P.

Methodology This study aims to assess the clinical efficacy of targeted long-read sequencing (T-LRS) by compar-
ing it with a control method based on the combined assay (NGS, Multiplex ligation-dependent probe amplification 
and Sanger sequencing) and to introduce T-LRS as a first-tier diagnostic test for suspected CAH patients to improve 
the precise diagnosis of CAH.

Results A large cohort of 562 participants including 322 probands and 240 family members was enrolled for the per-
spective (96 probands) and prospective study (226 probands). The comparison analysis of T-LRS and control method 
have been performed. In the perspective study, 96 probands were identified using both the control method 
and T-LRS. Concordant results were detected in 85.42% (82/96) of probands. T-LRS performed more precise diagnosis 
in 14.58% (14/96) of probands. Among these, a novel 4141 kb deletion involving CYP21A2 and TNXB was established. 
A new diagnosis was improved by T-LRS. The duplications were also precisely identified to clarify the misdiagnosis 
by MLPA. In the prospective study, Variants were identified not only in CYP21A2 but also in HSD3B2 and CYP11B1 in 226 
probands. Expand to 322 probands, the actual frequency of duplication haplotype (1.55%) could be calculated due 
to the accurate genotyping. Moreover, 75.47% of alleles with SNVs/indels, 22.20% of alleles with deletion chimeras.

Conclusion T-LRS has higher resolution and reduced cost than control method with accurate diagnosis. The clinical 
utility of L-LRS could help to provide precision therapy to CAH patients, advance the life-long management of this 
complex disease and promote our understanding of CAH.
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diagnosis
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Introduction
Congenital adrenal hyperplasia (CAH) is one of the most 
common autosomal recessive disorders caused by patho-
genic variants in genes involved in adrenal steroidogen-
esis [1]. CAH ranges from the severe classic form to the 
asymptomatic non-classic form (NC). The classic CAH 
is subclassified into the potentially life-threatening salt-
wasting (SW) form and the less severe simple-virilizing 
(SV) form. The frequency of the  classic form in most 
populations varies between one in 10,000 and one in 
20,000 [2–4], and NC form affects between one in 200 
and one in 2000.

Variants in the CYP21A2 gene result in steroid 
21-hydroxylase deficiency (21-OHD), accounting for 
more than 95% of patients with CAH [2, 5]. CYP21A2 
is located on chromosome 6p21.33. The CYP21A2 and 
CYP21A1P share 98% nucleotide sequence identity [6] 
and are aligned in tandem to constitute RCCX module, 
which contains the RP (also called STK19 encoding a ser-
ine/threonine protein kinase), C4 (encoding complement 
factor C4), CYP21 (encoding steroid 21-hydroxylase) and 
TNX genes (encoding glycoprotein tenascin-X) [7–9]. A 
normal haplotype consists of two RCCX modules [10]. 
Single-nucleotide and insertion/deletion variants (SNVs/
indels), as well as intergenic variants, resulted from 
microconversions between CYP21A2 and CYP21A1P 
[11]. To date, more than 300 SNVs/indels have been 
reported [11, 12]. Unequal crossover between RCCX 
modules during meiosis generates large rearrange-
ments leading to copy number variation (CNV) of RCCX 
including monomodular, bimodular and trimodular 
structure [9]. The 30  kb Deletion chimeras CYP21A1P/
A2 and TNXA/B in monomodular structure account 
for approximately 25%−30% of CAH [13]. Nine types of 
30 kb deletion chimeras CYP21A1P/A2 are classified into 
7 classic SW forms (CH-1, CH-2, CH-3, CH-5, CH-6, 
CH-7 and CH-8) and 2 attenuated SV forms (CH-4 and 
CH-9) [14]. The 30  kb deletion chimeras TNXA/B are 
classified into three types (CH-1 to CH-3) [15]. The clas-
sification of chimeras contributes to the explanation of 
genotypes to phenotypes [16, 17]. Duplicated chimeras 
CYP21A2/A1P and TNXB/A in trimodular structure are 
also caused by unequal crossover, with the frequency of 
less than 1% [18, 19]. In addition to CAH patients caused 
by 21-OHD, there are other rare forms of CAH. Vari-
ants in the CYP11B1 gene [20, 21], HSD3B2, CYP17A1, 
CYP11A1, POR, and StAR involved in steroid biosynthe-
sis could also cause CAH [3].

Genetic testing of CAH plays a crucial role in precise 
diagnosis and disease management. The high homology 
between CYP21A2 and CYP21P1 makes genotyping chal-
lenging due to the complexity of various variants. Mul-
tiplex ligation-dependent probe amplification (MLPA) 

combined with Sanger sequencing is commonly used to 
identify CNV and SNVs/indels of CYP21A2 [16, 22, 23]. 
However, MLPA depends on specific probes and cannot 
detect variants outside the target probe. Sanger sequenc-
ing is laborious and time-consuming.

Recently, next-generation Sequencing (NGS) such as 
gene panels, exome sequencing, genome sequencing have 
been adopted in genetic diagnosis [24–26]. However, 
the short reads (typically 100–300 bp) of NGS cannot be 
correctly aligned with the repetitive regions of the refer-
ence genome, making it difficult to detect the variants in 
highly homologous genes (CYP21A2 and CYP21A1P). 
The hybrid approach combining PCR-based NGS, MLPA 
and Sanger sequencing was employed in the diagnosis of 
CAH [27–29]. Meanwhile, Long-read Sequencing (LRS) 
is a promising approach for many unsolved genetic disor-
ders and has already been used for the precise diagnosis 
of CAH [30–32]. A comparative analysis between the tar-
geted LRS (T-LRS) assay and the hybrid approach has not 
yet been conducted. Additionnaly, large-scale cohorts 
have not yet been enrolled in clinical testing.

In this study, the clinical efficacy and benefits of T-LRS 
were assessed in 322 probands clinically diagnosed with 
CAH. The retrospective study used the hybrid approach 
as a control method, while the prospective study focused 
on evaluating diagnostic efficacy of T-LRS, revealing the 
accurate genotypes of study cohort and assessing the 
clinical utility of T-LRS in CAH patients.

Materials and methods
Study participants and design
A total of 562 participants, including 322 probands with 
clinically diagnosed CAH and 240 family members, were 
enrolled from Affiliated Children’s Hospital of Chong-
qing Medical University in China from January 2017 to 
July 2023. The recruited probands were diagnosed as 
CAH according to the clinical symptoms and genetic 
testing using control method in retrospective study. The 
inclusion criteria are as follows: (1) Persistent increase 
in blood 17-OHP concentration. The cut-off value was 
10.5  nmol/L. (2) Elevated levels of blood androstenedi-
one and dehydroepiandrosterone. (3) Elevated or nor-
mal levels of adrenocorticotropic hormone (ACTH). (4) 
Salt-wasting type shows decreased blood sodium and 
increased blood potassium levels. (5) Clinical manifesta-
tions include skin pigmentation and clitoral enlargement 
in female infants. (6) Genetic testing reveals specific 
mutations. A diagnosis can be made based on criteria (1), 
(2), and (3) or on (1) and (5).

The symptoms of SW form of CAH are as follows: 
Complete 21-OHD deficiency results in severe salt 
loss. Patients suffer from significant deficiencies in 
cortisol and aldosterone, along with excessive adrenal 
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androgen secretion. Symptoms of salt loss and adrenal 
cortex dysfunction may appear in the neonatal period, 
presenting as failure to gain weight gain or weight loss, 
persistent vomiting, diarrhea, weight loss, and difficult-
to-correct hyponatremia, hyperkalemia, and metabolic 
acidosis. The symptoms of SV form of CAH are as fol-
lows: Incomplete 21-OHD deficiency allows for 1–2% 
of in  vitro activity. This type primarily manifests with 
symptoms and signs of elevated adrenal androgen lev-
els but without salt-wasting. SV patients may show 
peripheral precocious puberty, accelerated growth, and 
advanced bone age, while female patients often exhibit 
masculinization of external genitalia. The symptoms of 
NC form of CAH patients mainly present with hyper-
androgenic symptoms, specifically manifested as early 
onset of pubic hair, hirsutism, acne and other Polycys-
tic ovary syndrome (PCOS) like symptoms. In addition, 
the affected children often exhibit accelerated growth 
and advanced bone age.

In our cohort, we have one female patient with 
11β-hydroxylase (CYP11B1) deficiency (11-OHD) who 
was first admitted at the age of one year due to abnor-
mal external genitalia. Laboratory results showed a renin 
level below 0.5 µIU/ml and a 17-OHP level greater than 
60.6  nmol/L and no electrolyte disorder. In contrast, 
patients with 21-OHD often exhibit elevated or normal 
levels of renin. Therefore, based on the patient’s clini-
cal presentation and sequencing results, a diagnosis of 
11-OHD was made. Additionally, our cohort includes a 
male patient with 3β-hydroxysteroid dehydrogenase type 
2 (HSD3B2) deficiency, who was first admitted shortly 
after birth due to undermasculinization and accompa-
nied by skin pigmentation. Laboratory results showed 
that the child has low sodium, high potassium, elevated 
ACTH, androstenedione, and dehydroepiandrosterone. 
Based on clinical manifestations and sequencing results, 
a diagnosis of 3β-hydroxysteroid dehydrogenase type 
2 deficiency was confirmed. Consent for genetic testing 
was obtained from each individual or legal guardians. 
This study was approved by the ethics board of Children’s 
Hospital of Chongqing Medical University (Approval 
number: 2023165).

The flowchart of this study is illustrated in Fig.  1A. 
Initially, retrospective cohort studies were conducted 
to evaluate the results of genetic testing between T-LRS 
and control method. 96 probands (95 families) exhibiting 
clinical features of CAH were recruited for retrospective 
studies. Subsequently, prospective studies were also per-
formed. 226 probands with clinical feature of CAH and 
49 relatives were enrolled to assess the effect of T-LRS. 
Genomic DNA was extracted using the DNease Blood 
& Tissue Kit (Qiagen). The probands with suspected 
CAH were diagnosed by clinical presentation such as 

altered steroid hormone profiling, salt loss, abnormal sex 
development.

The combined assay used as control method
The hybrid approach employed in this study was a com-
bined assay consisting of three methods including long-
rang PCR-based NGS, MLPA and Sanger sequencing.

For the detection of SNVs/Indels in the functional gene 
CYP21A2, NGS based on long-range PCR was utilized. 
Specific primers were designed to amplify the entire 
CYP21A2 gene, excluding interference from CYP21A1P. 
The sequences of primers used for long-range PCR are 
listed in Table S4. The resulting amplicon was applied to 
generate DNA libraries. Sequencing was performed on 
an Illumina NextSeq 550 following the manufacturer’s 
protocol. Raw data for the targeted genes were aligned 
with the reference human genome sequence (GRCh38) 
using the Burrows-Wheeler alignment (version 0.6) tool 
[33].

To identify deletion chimeras, duplicated chimeras and 
specific SNVs/Indels, MLPA was employed  using  the 
SALSA MLPA probemix kit P050-C1 CAH (MRS Hol-
land, the Netherlands) was used to detect CNV and gene 
conversions in the CYP21A and TNX genes [34]. Addi-
tionally, Sanger sequencing was used to confirm the iden-
tified SNVs/Indels.

Targeted long‑read sequencing and data analysis
The 7.0–8.5 kb DNA fragments of CYP21A2, CYP21A1P, 
CYP11B1, CYP17A1, HSD3B2, and StAR genes were 
amplified using 6 locus-specific primer pairs though 
long-range PCR, as reported previously [32]. Briefly, 
purified PCR products underwent an end repair and liga-
tion reaction to add barcoded adaptors and construct 
the single-molecule real-time (SMRT) bell library using 
the Sequel Binding Kit 2.0 and Internal Control Kit 1.0 
(Pacific Biosciences). Primed DNA-polymerase com-
plexes were loaded onto SMRT cells and sequenced with 
Sequel II Sequencing Kit 2.0 on the Sequel II platform 
(Pacific Biosciences).

The filtered CCS reads were obtained and then aligned 
to the human GRCh38/hg38 genome sequences using the 
SMRT Link analysis software suite (PacBio). FreeBayes 
1.3.4 was employed for the detection of SNVs/Indels. The 
classification of variants were done according to ACMG 
guidelines [35–37]. The validation of discordant geno-
types detected by T-LRS and control method was per-
formed by Sanger sequencing.

Additional primer pairs covering POR and CYP11A1 
genes were also designed for the genetic diagnosis of 
samples with VUS.
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Results
Patient characteristics
During the study period, a total of 562 participants 

including 322 affected individuals (54% males) and 240 
family members met the inclusion criteria and were 
included in the final analysis. Among them, a total of 

Fig. 1 Flow chart of comparative analysis and molecular genetic diagnosis and of control method and T-LRS strategies. A The flow chart of study 
design and comparative analysis of control method and T-LRS. Pathogenicity is evaluated according to ACMG guidelines. LP, Likely pathogenic; P, 
Pathogenic; VUS, Variant of uncertain significance. Probands carrying VUS presented evident clinical phenotypes of CAH. B The genetic testing chart 
of control method and T-LRS
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287 participants, including 96 probands and 191 family 
members from 95 families, were enrolled in a retrospec-
tive study (Table S1 and Table 1), while a total of 275 par-
ticipants, including 226 probands and 49 relatives, were 
enrolled in a prospective study (Table  S2 and Table  1). 
In this retrospective study, the genotypes of 287 partici-
pants were detected using both the control method and 
T-LRS (Table S1 and Table 1). The efficacy of T-LRS was 
evaluated through a comparative analysis between the 
two methods. A prospective study was subsequently con-
ducted to accurately determine the genotypes of the 275 
participants exclusively using T-LRS, in order to evaluate 
its clinical utility in CAH patients (Table S2 and Table 1).

In this study, the majority of probands (177) were diag-
nosed at birth due to clinical symptoms. This was fol-
lowed by 48 probands diagnosed during preschool and 
44 probands diagnosed during their school years. Only 9 
out of 322 probands were diagnosed during adolescence 
(Table  1). All probands had onset before 18  years old, 
with median (minimum–maximum) 17-OHP value of 
75.75 (11.49–907.8) nmol/L (Table 1).

A comparative analysis between T‑LRS and control method 
in retrospective study
Two approaches, T-LRS without family analysis and 
control method with family analysis, were employed to 
conduct the molecular genetic testing and genotype the 
96 probands and/or 191 family members. Based on the 
results of genetic testing, T-LRS exhibited concordance 
results with control method in 82 (85.42%) patients and 
discordant results in 14 (14.58%) patients (Fig. 1A). The 
genetic testing flowchart of control method and T-LRS 
was shown in Fig.  1B. The 82 patients with concordant 
results were further subclassified into two groups: (i) 

T-LRS without trio family analysis confirmed genotypes 
detected by control method with trio family analysis in 
48 of 82 probands (58.54%) (Table  S1). For instance, a 
compound heterozygote, one allele with c.1069C>T and 
the other allele with c.955C>T, were detected by T-LRS 
without family analysis in the case of proband P13. This 
demonstrated that T-LRS could directly obtain haplo-
type phasing and determine the cis/trans configuration 
(A); (ii) T-LRS improved outcomes determined by con-
trol method through identifying the breakpoints and sub-
types of deletion chimeras in 34 of 82 probands (41.46%) 
(Table 2). For instance, a deletion chimera was identified 
and subclassified as CYP21A2 CH-1, with the breakpoint 
marked by a blue box in Fig.  2B in proband P24. These 
results demonstrated that T-LRS can identify the break-
points and subtypes of deletion chimeras in a single test, 
improving our understanding of CAH.

It is noteworthy that genotypes of 14 out of 96 
probands (14.58%) were corrected by T-LRS (Table  3) 
and classified into five groups: (i) A new diagnosis was 
performed by T-LRS. The genetic diagnosis for proband 
P69 from family F68 was contradictory between T-LRS 
and control method. Initially, proband P69 was misdiag-
nosed by control method with a genotype of heterozy-
gote for the c.293-13C>G variant. Actually, the result of 
T-LRS indicated that proband P69 was actually a com-
pound heterozygote with c.293-13C>G on one allele 
and c.1306C>T (NC phenotype) on the other allele. 
These findings were confirmed though Sanger sequenc-
ing (Fig.  2C and Table  3). T-LRS improved the new 
clinical diagnosis and identified the missing disease-
causing variants. (ii) A 4141 kb novel deletion resulting 
in a contiguous deletion of CYP21A2 and TNXB was 
established by T-LRS in proband P17, initially detected 

Table 1 Demographic characteristics of the 322 probands

Characteristics Total (n) Restropective study (n) Prospective study (n)

Total number of probands 322 96 226

Total number of samples 562 287 275

Sex

 Male 175 (54%) 57 (59%) 118 (52%)

 Female 147 (46%) 39 (41%) 108 (48%)

Age at onset

 Newborn 176 54 122

 1–12 months (infant) 29 12 17

 1–3 years (toddler) 16 6 10

 3–6 years (preschool) 48 21 27

 6–12 years (school age) 44 3 41

 12–18 years (adolescence) 9 0 9

Median 17-OHP at diagnosis (minimum, 
maximum)

75.75 (11.49, 907.8) 75.75 (11.49, 907.8) 75.75 (11.9, 907.8)
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as exon 3 deletion by control method. This intergenic 
deletion was confirmed by Sanger sequencing (Fig. 2D). 
The sequences of primers used in the confirmation pro-
cess are listed in Table S4. The results of family analysis 
indicated that the novel deletion was inherited from his 
mother and confirmed by Sanger sequencing (Fig. 2D). 
Mis-alignment and micro-conservation during meio-
sis of homologous genes (CYP21A1P and CYP21A2) 
were responsible for this large deletion variants; (iii) 

Five out of the 14 probands including P54, P50, P55, 
P61 and P46 with duplicated chimeras, initially not 
precisely identified by control method, were detected 
by T-LRS (Table 3). For instance, in P54, one allele car-
ried deletion chimera TNXA/B CH-1, and the other 
allele had two SNVs (c.923dup and c.955C>T) on both 
CYP21A2 gene and duplicated chimera CYP21A2/A1P. 
The breakpoint was established and marked by a red 
box in Fig.  3A. Haplotype of TNXA/B chimera with a 

Table 2 The genotypes of 33 probands were improved by T-LRS

No Family Proband Genotype detected by T‑LRS Genotype detected by control 
method

The breakpoint of deletion chimeras

1 F2 P2 CYP21A1P/A2-CH-7/c.518T>A Exon 1–6 deletion/c.518T>A chr6:32041679–32042412

2 F3 P3 CYP21A1P/A2-CH-3/CYP21A1P/A2-CH-3 Exon 1–7 deletion/Exon1-7 deletion chr6:32041679–32042412/
chr6:32041679–32042412

3 F4 P4 TNXA/B-CH-1/c.293-13C>G Exon 1–7 deletion/c.293-13C>G chr6:32044184–32045077

4 F6 P6 CYP21A1P/A2-CH-5/c.518T>A Exon 1–7 deletion/c.518T>A chr6:32040216–32040421

5 F10 P10 TNXA/B-CH-1/c.518T>A Exon 1–7 deletion/c.518T>A chr6:32044184–32045077

6 F18 P18 TNXA/B-CH-2/c.518T>A, c.923dup Exon 1–7 deletion/c.518T>A, c.923dup chr6:32042509–32043712

7 F21 P21 CYP21A1P/A2-CH-1/c.293-13C>G Exon 1–3 deletion/c.293-13C>G chr6:32039143–32039426

8 F22 P22 TNXA/B-CH-1/c.293-13C>G Exon 1–3 deletion/c.293-13C>G chr6:32044184–32045077

9 F24 P24 CYP21A1P/A2-CH-1/c.293-13C>G Exon 1–3 deletion/c.293-13C>G chr6:32039143–32039426

10 F29 P30 CYP21A1P/A2-CH-1/c.518T>A Exon 1–3 deletion/c.518T>A chr6:32039143–32039426

11 F34 P35 CYP21A1P/A2-CH-1/c.293-13C>G Exon 1–3 deletion/c.293-13C>G chr6:32039143–32039426

12 F35 P36 CYP21A1P/A2-CH-1/CYP21A1P/A2-CH-1 Exon 1–3 deletion/Exon1-3 deletion chr6:32039143–32039426/
chr6:32039143–32039426

13 F38 P39 CYP21A1P/A2-CH-8/c.293-13C>G Exon 1–7 deletion/c.293-13C>G chr6:32041679–32042412

14 F39 P40 CYP21A1P/A2-CH-1/c.293-13C>G Exon 1–3 deletion/c.293-13C>G chr6:32039143–32039426

15 F43 P44 TNXA/B-CH-3/c.293-13C>G Exon 1–7 deletion/c.293-13C>G chr6:32041679–32042412

16 F48 P49 CYP21A1P/A2-CH-1/c.293-13C>G Exon 1–3 deletion/c.293-13C>G chr6:32039143–32039426

17 F51 P52 TNXA/B-CH-1/c.293-13C>G Exon 1–7 deletion/c.293-13C>G chr6:32044184–32045077

18 F56 P57 TNXA/B-CH-1/c.293-13C>G Exon 1–7 deletion/c.293-13C>G chr6:32044184–32045077

19 F64 P65 CYP21A1P/A2-CH-2/c.293-13C>G Exon 1–4 deletion/c.293-13C>G chr6:32039548–32039802

20 F66 P67 CYP21A1P/A2-CH-8/c.518T>A Exon 1–7 deletion/c.518T>A chr6:32041679–32042412

21 F69 P70 CYP21A1P/A2-CH-1/c.332_339del Exon 1–3 deletion/c.332_339del chr6:32039143–32039426

22 F70 P71 CYP21A1P/A2-CH-2/c.332_339del Exon 1–4 deletion/c.332_339del chr6:32039548–32039802

23 F73 P74 CYP21A1P/A2-CH-1/c.518T>A Exon 1–3 deletion/c.518T>A chr6:32039143–32039426

24 F74 P75 TNXA/B-CH-3/TNXA/B-CH-1 Exon 1–7 deletion/Exon 1–6 deletion chr6:32042415–32042485/
chr6:32044184–32045077

25 F77 P78 TNXA/B-CH-1/c.293-13C>G Exon 1–7 deletion/c.293-13C>G chr6:32046069–32046114

26 F78 P79 TNXA/B-CH-1/c.518T>A Exon 1–7 deletion/c.518T>A chr6:32044184–32045077

27 F82 P83 CYP21A1P/A2-CH-1/c.292+1G>A Exon 1–3 deletion/c.292+1G>A chr6:32039143–32039426

28 F83 P84 CYP21A1P/A2-CH-8/c.293-13C>G Exon 1–7 deletion/c.293-13C>G chr6:32041524–32041574

29 F84 P85 TNXA/B-CH-1/c.1148_1149del Exon 1–7 deletion/c.1148_1149del chr6:32044184–32045077

30 F85 P86 TNXA/B-CH-1/c.293-13C>G Exon 1–7 deletion/c.293-13C>G chr6:32044184–32045077

31 F87 P88 CYP21A1P/A2-CH-1/c.293-13C>G, 
c.518T>A

Exon 1–3 deletion/c.293-13C>G, 
c.518T>A

chr6:32039143–32039426

32 F88 P89 CYP21A1P/A2-CH-1/CYP21A1P/A2-CH-1 Exon 1–3 deletion/Exon 1–3 deletion chr6:32039143–32039426/
chr6:32039143–32039426

33 F89 P90 CYP21A1P/A2-CH-1/c.1070G>A Exon 1–3 deletion/c.1070G>A chr6:32039143–32039426

34 F92 P93 TNXA/B-CH-1/c.1451G>C Exon 1–7 deletion/c.1451G>C chr6:32044177–32044184
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CYP21A2 and TNXB deletion confused duplicated chi-
mera with deletion chimera in MLPA of P54 (Fig. S1). 
If an individual carries a duplicated CYP21A2 on one 
allele and a deletion on the other allele, as seen in this 
case, the duplicated CYP21A2 could conceal the pres-
ence of the deletion. This issue must rely on lineage 
analysis; otherwise, it cannot be resolved. However, 

T-LRS can directly identify the precise genotype in this 
circumstance. (iv) T-LRS conducted precise diagnosis 
of SNVs compared with the control method (Table 3). 
In 2 probands, SNV (c.−126C>T) leading to non-clas-
sical CAH could not be detected by control method. 
For example, in proband P45, the SNV (c.−126C>T) 
was identified by T-LRS (Fig. 3B). In proband P66 from 

Fig. 2 IGV plots of representative samples based on the comparative analysis. A The genetic results of control method were comfirmed by T-LRS. 
B T-LRS improved the genetic diagnosis by determining the subtypes and breakpoints of chimeras. C A new diagnosis was improved by T-LRS. D 
A novel 4141 kb deletion was identified by T-LRS and the family analysis was conducted. The variants were confirmed by Sanger sequencing
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family F65, the SNV c.1451_1452delinsC, rather than 
c.1455del, was identified using T-LRS and confirmed 
though Sanger sequencing (Fig.  3C). Four probands 
with contiguous SNVs were incorrectly reported as 
deletion chimeras by the control method. This type of 
discordant result is more likely attributed to the rec-
ognition process of the genetic testing results by the 
control method. In the control method, long-rang 
PCR-based NGS could identify the continuous SNVs 
but cannot detect copy number variants, so MLPA was 
used to detect the copy number variants. When long-
rang PCR-based NGS identifies continuous SNVs, while 
MLPA detects deletion, as in these cases, the variants 
are recognized as a deletion.

In the retrospective study, the diagnostic yield for 
patients detected using the control method was 97.92% 
(94 out of 96 patients). In comparison, T-LRS led to 
one additional diagnosis, resulting in a diagnostic yield 
98.96% (95 of 96 patients). The false negative rate for 
the control method was 1.04% (1 of 96 patients).

Detection of genotypes in 226 probands in prospective 
study
Based on the results of retrospective study mentioned 
above, the detection of genotypes by T-LRS was proven 
to be effective and convenient. The prospective study 
exclusively employed T-LRS to detect the variants in 
226 probands and 49 relatives, reassessing the appli-
cation of T-LRS for the genetic diagnosis of CAH 
(Table  S2). The genetic testing results indicated that 
223 (223/226, 98.67%) probands with P/LP variants 
and 3 (3/226, 1.33%) probands with VUS, representing 
clinical features of CAH (Fig.  1A). The genetic testing 
flowchart of T-LRS was shown in Fig.  1B. Among the 
probands, 98.23% (222/226) had biallelic pathogenic 
variants of CYP21A2 gene, leading to 21-OHD. An 
extremely rare case of classic form, caused by biallelic 
variants in the HSD3B2, was identified in one patient 
(1/226, 0.44%). Three probands including P97, P114 
and P197 carried VUS, with P97 and P114 having com-
pound heterozygote involving VUS on one alleles and 

Table 3 The genotypes of 14 probands were corrected by T-LRS

No Family Proband T‑LRS Control method Benefits of T‑LRS

1 F68 P69 c.293-13C>G/c.1306C>T c.293-13C>G/+ A new diagnosis improved by T-LRS

2 F17 P17 chr6:32038800-32042941_del/c.293-
13C>G

Exon 3 deletion, c.293-13C>G/c.293-
13C>G

A novel variant with a 4141 kb deletion 
detected by T-LRS

3 F53 P54 TNXA/B-CH-1/c.923dup, c.955C>T, 
CYP21A2/A1P with c.923dup, c.955C>T

Exon 1–7 deletion/c.923dup,c.955C>T Detecting accurate genotype of dupli-
cated chimera

4 F49 P50 TNXA/B-CH-2/c.518T>A, CYP21A2/A1P Exon 1–7 deletion/c.518T>A Detecting accurate genotype of dupli-
cated chimera

5 F54 P55 TNXA/B-CH-2/c.1024C>T, CYP21A2/A1P Exon 1–7 deletion/c.1024C>T Detecting accurate genotype of dupli-
cated chimera

6 F60 P61 CYP21A1P/A2-CH-1/c.844G>T, c.923dup, 
c.955C>T, CYP21A2/A1P with c.844G>T, 
c.923dup, c.955C>T

Exon 1–3 deletion/CYP21A2/A1P, 
c.844G>T, c.923dup, c.955C>T

Detecting accurate genotype of dupli-
cated chimera

7 F45 P46 c.518T>A/c.844G>T, c.923dup, c.955C>T, 
CYP21A2/A1P with c.844G>T, c.923dup, 
c.955C>T

c.518T>A/CYP21A2/A1P, c.844G>T, 
c.923C>T, c.955C>T

Detecting accurate genotype of dupli-
cated chimera

8 F44 P45 c.−126C>T, c.332_339del/c.955C>T c.332_339del/c.955C>T Precise diagnosis of SNV c.−126C>T

9 F94 P95 TNXA/B-CH-1/c.−126C>T, c.−113G>A Exon 1–7 deletion/c.−113G>A Precise diagnosis of SNV c.−126C>T

10 F65 P66 c.518T>A/c.1451_1452delinsC c.518T>A/c.1455del Precise diagnosis of SNV 
c.1451_1452delinsC

11 F15 P15 E6_cluster(c.710T>A,c.713T>A,c.719
T>A), c.844G>T, c.923dup, c.955C>T, 
c.1069C>T/c.518T>A

Exon 4–7 deletion/c.518T>A Precise diagnosis of Continuous SNVs

12 F23 P23 E6_cluster(c.710T>A, c.713T>A, 
c.719T>A), c.844G>T, c.923dup, 
c.1069C>T/c.202+1G>A

Exon 6–7 deletion/c.202+1G>A Precise diagnosis of Continuous SNVs

13 F36 P37 c.518T>A, E6_cluster(c.710T>A, 
c.713T>A, c.719T>A), c.844G>T, 
c.923dup, c.1069C>T/c.293-13C>G

Exon 4–7 deletion, c.1069C>T/c.293-
13C>G

Precise diagnosis of Continuous SNVs

14 F90 P91 E6_cluster(c.710T>A, c.713T>A, 
c.719T>A), c.844G>T, c.923dup, 
c.955C>T, c.1069C>T, 
c.1451_1452delinsC/c.518T>A

Exon 6–7 deletion/c.518T>A Precise diagnosis of Continuous SNVs
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different variants on the other allele in the CYP21A2 
gene, and Proband P197 harboring a homozygote for 
VUS in the CYP11B1 gene, whose genotype is unpub-
lished previously (Table S2).

Among the 222 probands with biallelic pathogenic 
variants of the CYP21A2 gene, 126 affected persons were 
compound heterozygotes with same (37 probands) or 
different (90 probands) SNVs/Indels on each allele. 85 
patients had deletion chimeras on one allele and SNVs/
Indels on the other allele, while five probands harbored 
deletion chimeras on both alleles. Additionally, five 
probands carried duplicated chimeras. Above all, molec-
ular genetic diagnosis using T-LRS precisely detected the 
disease-causing variants and VUS in CAH patients, dem-
onstrating a good genotype–phenotype correlation.

The spectrum of genetic variants identified by T‑LRS in all 
the probands
In total, 322 affected individuals underwent genetic 
diagnosis using T-LRS in this study. Among the 322 
probands, 99.38% (320/322) had biallelic variants due 
to 21-OHD. Only 0.31% probands (1/322) harbored dif-
ferent SNVs on each allele in the HSD3B2 gene, and one 
proband (1/322) carried biallelic VUS in the CYP11B1 
gene (Table  S3). 57.19% out of 21-OHD patients 
(183/320) had SNVs/Indels on both alleles in CYP21A2 
gene, and their genotypes were classified into 72 dif-
ferent types. 35.94% out of 21-OHD patients (115/320) 
had deletion monoallelic chimeras with 51 different 
types, while 3.44% of 21-OHD patients (11/320) had 
biallelic deletion chimeras of 9 types. 0.31% of 21-OHD 

Fig. 3 The genotypes of probands with duplicated chimeras and SNVs/Indels corrected by T-LRS. A Duplicated chimera with SNVs/Indels 
was identified by T-LRS. B Variants c.−126C>T in the promoter region of CYP21A2, not detected by control method, were identified by T-LRS. C 
Proband P66 had the c.1451_1452delinsC, not the c.1455del identified by T-LRS. The variant was confirmed by Sanger sequencing
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patients (1/320) had a novel monoallelic 4141 kb dele-
tion, and 3.13% of 21-OHD patients (10/320) had dupli-
cated chimeras of 10 types (Table S3).

Patients with monoallelic and biallelic TNXA/B are 
more likely to  have Ehlers–Danlos syndrome (EDS), 
which can affect musculoskeletal, dermatological, cardio-
vascular and gastrointestinal systems (Table S5). A total 
of 59 patients with biallelic or monoallelic TNXA/B were 
evaluated. The most common presentation was delayed 
gastric emptying, with the frequency of 28.81% (17/59), 
followed by recurrent joint dislocations (11.86%, 7/59).

Alleles detected by T-LRS were further analyzed 
(Table  4). In total, 486 alleles with SNV/indels of 65 
types (75.47%, 486/644), 143 alleles with deletion chi-
meras of 10 types (22.20%, 143/644), 10 alleles with dep-
licated chimeras (1.55%, 10/644), and one allele with 
a novel 4141  kb deletion in the CYP21A2 gene were 
identified. Two alleles with SNVs in the HSD3B2 gene 
were detected, along with two alleles with VUS in the 
CYP11B1 gene were identified (Table  4). The most fre-
quent SNV was c.293-13C>G (32.76%, 211/644), fol-
lowed by c.518T>A (15.53%, 100/644) and c.1069C>T 
(4.66%, 30/644). The most frequent deletion chimera 
was CYP21A2-CH-1 (7.30%, 47/644), followed by TNXB 
CH-1 (5.43%, 35/644) and TNXB CH-2 (3.11%, 20/644). 
The most frequent duplicated chimera was a CYP21A2 
gene with c.844G>T, c.923dup and c.955C>T plus 
duplicated CYP21A2/A1P (0.78%, 5/644) (Table  4). The 
observed frequency of duplication haplotype was 1.55%.

The spectrum of marker pathogenic variants derived 
from CYP21A1P in the deletion chimeras was displayed 
in Fig.  4. Not only conserved but also non-conserved 
variants were found in samples with deletion chime-
ras. The most non-conserved variant was c.1069C>T 
with 66.2% variant frequency, followed by c.92C>T 
(78.87%), c.12514G>A (76.92%), c.844G>T (75.9%) and 
c.12524G>A (73.85%).

Detection of genotypes with VUS
In total, 4 probands carried VUS (Table  5). Among 
these, three probands were compound heterozygotes 
with a VUS on one allele and a pathogenic/likely path-
ogenic variant on other allele in the CYP21A2 gene. 
One proband carried a novel genotype, which had not 
been  published previously, with a  homozygote VUS 
c.1145T>C in CYP11B1. This patient presented increased 
concentration of 17-OHP (60.6  nmol/L) and clitoro-
megaly (Table 5). Affected female individuals P97, P114, 
and P197 all had atypical genitalia in neonates or infants 
with a 46, XX karyotype. The remaining 1 male proband 
exhibited signs of androgen excess including  acne, pre-
mature pubarche, and accelerated growth during child-
hood. Increased 17-OHP concentrations (ranging from 

34.64 to 451.2 nmol/L), the primary symptoms of CAH, 
were also observed.

Discussion
This study demonstrated the efficacy and benefits of 
T-LRS, primarily in comparison with the combined strat-
egy that includes long-range NGS and MLPA, and evalu-
ated the clinical utility of T-LRS in a large cohort of 322 
cases. In the retrospective study, T-LRS can identify path-
ogenic variants that have been missed by control method, 
providing timely treatment to patients. Moreover, a novel 
deletion was detected by T-LRS. Prospective study was 
also designed to further assess clinical application of 
T-LRS in CAH. Not only a series of variants in CYP21A2 
were detected, but also other extremely rare variants in 
HSD3B2 and CYP11B1 were identified. This study is the 
first time that the efficacy and benefits of T-LRS were 
accessed by comparative analysis between T-LRS and 
control method in a large cohort of 322 probands.

The 85.42% concordant results were found between 
T-LRS and control method in the retrospective study. 
The T-LRS was demonstrated to detect different types 
of CYP21A2 variants accurately and identify the break-
points of deletions precisely [14, 38]. Patients with 
monoallelic TNXA/B are more likely have EDS due to 
Tenascin-X deficiency [15]. The identification of chime-
ras TNXA/B reminds the clinicians to assess clinical fea-
tures of EDS for precise patient therapy. It is of note that 
the junction sites of chimeras could also be determined 
by Sanger sequencing using specific primers, which were 
labor-intensive and difficult to scale up [22].

Discordant results (14.58%) were detected between 
T-LRS and control method. Originally, proband P69 
was misdiagnosed by control method. T-LRS success-
fully diagnosed this CAH patient through detection of 
causative variant with NC CAH. One possible reason is 
that short-read sequencing-based NGS, although accu-
rate, has GC bias in sequencing [30, 39, 40]. Additionally, 
T-LRS conducted precise diagnosis of SNVs compared 
with the control method. The variant c.−126C>T was 
likely missed by NGS due to an inadequate understand-
ing of the regulatory landscape of genes, leading to its 
exclusion during interpretation of variants [41, 42]. The 
difficulty in detecting the variant c.1451_1452delinsC 
by NGS was likely due to the presence of repetitive GG 
and CC sequences, which pose a challenge for NGS. 
The variant c.1451_1452delinsC can also be represented 
as c.1451G>C and c.1455del. Thus, NGS identified only 
c.1455del, missing c.1451G>C. This is likely due to the 
challenges that short-read sequencing-based NGS strug-
gles to reliably map sequence reads to repetitive regions, 
such as low-complexity regions enriched for GC- or AT-
rich DNA, as in this case [30, 31, 40].
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Table 4 Allele frequency of variants in the 322 probands

Gene Type of variation Nucleotide variation Allele number Frequency of alleles

CYP21A2 SNVs/Indels 66 types of alleles with SNVs/Indels in CYP21A2 486 (total) 75.47% (total)

1 c.293-13C>G 211 211/644 (32.76%)

2 c.518T>A 100 100/644 (15.53%)

3 c.1069C>T 30 30/644 (4.66%)

4 c.955C>T 20 20/644 (3.11%)

5 c.332_339del 15 15/644 (2.33%)

6 c.1451_1452delinsC 14 14/644 (2.17%)

7 c.92C>T 6 6/644 (0.93%)

8 c.292+1G>A 6 6/644 (0.93%)

9 c.955C>T, c.1069C>T 6 6/644 (0.93%)

10 c.923dup 5 5/644 (0.78%)

11 c.844G>T, c.923dup, c.955C>T, c.1069C>T 4 4/644 (0.62%)

12 c.293-13C>G, c.332_339del 4 4/644 (0.62%)

13 c.1451G>C 3 3/644 (0.47%)

14 c.1306C>T 2 2/644 (0.31%)

15 c.169G>A 2 2/644 (0.31%)

16 E6_cluster(c.710T>A,c.713T>A,c.719T>A) 2 2/644 (0.31%)

17 c.1279C>T 2 2/644 (0.31%)

18 c.1280G>A 2 2/644 (0.31%)

19 c.1450dup 2 2/644 (0.31%)

20 c.92C>T,c.293-13C>G,c.332_339del,c.518T>A, E6_cluster(c.710T>A,c.713T>A,
c.719T>A),c.844G>T,c.923dup,c.955C>T,c.1069C>T

2 2/644 (0.31%)

21 c.949C>T 2 2/644 (0.31%)

22 c.518T>A,E6_cluster(c.710T>A,c.713T>A,c.719T>A),c.844G>T,c.923dup,c.106
9C>T

2 2/644 (0.31%)

23 c.1064G>A 1 1/644 (0.16%)

24 E6_cluster(c.710T>A,c.713T>A,c.719T>A),c.844G>T,c.923dup,c.955C>T,c.106
9C>T

1 1/644 (0.16%)

25 E6_cluster(c.710T>A,c.713T>A,c.719T>A),c.844G>T,c.923dup,c.1069C>T 1 1/644 (0.16%)

26 c.−126C>T,c.332_339del 1 1/644 (0.16%)

27 c.518T>A,E6_cluster(c.710T>A,c.713T>A,c.719T>A),c.844G>T,c.923dup,c.955
C>T

1 1/644 (0.16%)

28 c.535G>A 1 1/644 (0.16%)

29 E6_cluster(c.710T>A,c.713T>A, c.719T>A),c.844G>T,c.923dup,c.955C>T,c.145
1_1452delinsC

1 1/644 (0.16%)

30 E6_cluster(c.710T>A,c.713T>A,c.719T>A),c.797C>T,c.844G>T,c.923dup,c.955C
>T,c.1069C>T,c.1451_1452delinsC

1 1/644 (0.16%)

31 c.1273G>A 1 1/644 (0.16%)

32 c.92C>T,c.518T>A,c.844G>T 1 1/644 (0.16%)

33 c.−126C>T,c.−113G>A,c.518T>A 1 1/644 (0.16%)

34 E6_cluster(c.710T>A,c.713T>A,c.719T>A),c.844G>T,c.923dup,c.955C>T,c.1069
C>T,c.1451_1452delinsC

1 1/644 (0.16%)

35 c.377C>G 1 1/644 (0.16%)
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Table 4 (continued)

Gene Type of variation Nucleotide variation Allele number Frequency of alleles

36 c.−126C>T,c.−113G>A,c.92C>T 1 1/644 (0.16%)

37 c.−126C>T,c.−113G>A,c.−110T>C 1 1/644 (0.16%)

38 c.433C>T 1 1/644 (0.16%)

39 c.518T>A,E6_cluster(c.710T>A,c.713T>A,c.719T>A),c.844G>T,c.923dup 1 1/644 (0.16%)

40 c.1218G>A 1 1/644 (0.16%)

41 E6_cluster(c.710T>A,c.713T>A,c.719T>A),c.923dup,c.955C>T 1 1/644 (0.16%)

42 c.1136T>A 1 1/644 (0.16%)

43 c.1273_1277del 1 1/644 (0.16%)

44 c.916G>T(VUS) 1 1/644 (0.16%)

45 c.518T>A,c.923dup 1 1/644 (0.16%)

46 c.844G>T 1 1/644 (0.16%)

47 c.202+1G>A 1 1/644 (0.16%)

48 c.1054G>A 1 1/644 (0.16%)

49 c.923dup,c.955C>T 1 1/644 (0.16%)

50 c.1148_1149del 1 1/644 (0.16%)

51 c.293-13C>G,c.518T>A 1 1/644 (0.16%)

52 c.1070G>A 1 1/644 (0.16%)

53 c.−126C>T,c.−113G>A 1 1/644 (0.16%)

54 c.431C>A (VUS) 1 1/644 (0.16%)

55 c.275_276delGAinsTT (VUS) 1 1/644 (0.16%)

56 c.923dup,c.955C>T,c.1069C>T 1 1/644 (0.16%)

57 c.1063C>T 1 1/644 (0.16%)

58 c.772_783del 1 1/644 (0.16%)

59 c.518T>A,E6_cluster(c.710T>A,c.713T>A,c.719T>A), c.923dup 1 1/644 (0.16%)

60 c.−126C>T,c.−113G>A,c.−110T>C,c.293-13C>G 1 1/644 (0.16%)

61 c.308delinsAAA 1 1/644 (0.16%)

62 c.874G>A 1 1/644 (0.16%)

63 c.−126C>T,c.−113G>A,c.−110T>C,c.−103A>G,c.92C>T,c.293-
13C>G,c.332_339del

1 1/644 (0.16%)

64 c.740del 1 1/644 (0.16%)

65 c.293-13C>G,c.1069C>T 1 1/644 (0.16%)

66 c.293-13C>G,c.1451_1452delinsC 1 1/644 (0.16%)

Deletion chimeras 10 types of alleles with deletion chimeras in CYP21A2 143 (total) 22.20% (total)

1 CYP21A1P/A2-CH-1 47 47/644 (7.30%)

2 TNXA/B-CH-1 35 35/644 (5.43%)

3 TNXA/B-CH-2 20 20/644 (3.11%)

4 CYP21A1P/A2-CH-8 10 10/644 (1.55%)

5 TNXA/B-CH-3 9 9/644 (1.40%)

6 CYP21A1P/A2-CH-3 6 6/644 (0.93%)
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A novel intergenic 4141  kb deletion resulting in the 
partial deletion of CYP21A2 and TNXB was identified by 
T-LRS, highlighting the ability to detect potential novel 
variant in T-LRS. Duplicated chimeras can be precisely 
diagnosed using T-LRS. Additionally, breakpoints of the 
duplicated chimeras were detected. Overall, T-LRS were 
proven to have higher resolution than control method 
though detecting missing variant, potential novel dele-
tion and CNV of RCCX. An accurate diagnosis can result 
in better management of CAH and advanced therapeu-
tics options.

Prospective study was designed to further assess clini-
cal application of T-LRS in CAH. Variants in CYP21A2, 
HSD3B2 and CYP11B1 were all identified by T-LRS. 
Alongside accurate diagnosis of duplicated chimeras, 
it is possible to calculate the actual frequency of tri-
modular pathogenic haplotypes harboring the c.955C>T 
(p.Gln319Ter) on a duplicated CYP21A2 gene, with a fre-
quency of 1.09% (7/644) in pathogenic alleles, account-
ing for 70% (7/10) in trimodular pathogenic haplotypes 
[19, 43]. A total of 1.55% of trimodular haplotypes were 
identified in this study. This more precise CAH diagno-
sis contributes towards the avoidance of false genotyp-
ing, evaluation of CNV distribution and variants’ linkage 
disequilibrium.

In total, 4 probands of 322 probands carried VUS. A 
novel genotype with homozygote for a VUS c.1145T>C 
in CYP11B1 was identified, and the clinical features 

were also described. This is the first report of this geno-
type and different from the case with a monoallelic VUS 
c.1145T>C published previously [44]. In addition to large 
databases with precise genotype to phenotype were accu-
mulated by T-LRS testing, it is possible to evaluate the 
potential pathogenicity of VUS.

When this study was initiated, NGS technology was 
widely available in clinical use and less expensive than 
LRS. However, due to the high homology between 
CYP21A2 and CYP21A1P, various disease-causing vari-
ants including SNVs/Indels, large rearranges and CNVs 
pose challenges in the control method. Moreover, trio 
family analysis was necessary to identify the haplotype 
phasing and cis/trans configuration of multiple SNVs/
Indels, owing to the limitation of short reads. Trio stud-
ies required by control method cost more than T-LRS. 
Currently, the overall cost of T-LRS is less than $20 USD 
per test [32, 45, 46]. Whereas the cost of PCR-based NGS 
and MLPA was approximately $25 USD and $22.5 USD 
per test, respectively [45, 47, 48]. The cost per T-LRS test 
is lower or comparable to that of NGS and MLPA. How-
ever, NGS and MLPA need to be combined for diagno-
sis and often requiring trio studies, which increases the 
overall diagnostic cost for each family.

As mentioned above, the control method has limita-
tions, such as inaccurate SNV detection, inaccurate 
identification of duplicated chimeras using MLPA [32, 
49] and higher costs compared to T-LRS  due to the 

Table 4 (continued)

Gene Type of variation Nucleotide variation Allele number Frequency of alleles

7 CYP21A1P/A2-CH-2 5 5/644 (0.78%)

8 CYP21A1P/A2-CH-5 4 4/644 (0.62%)

9 CYP21A1P/A2-CH-9 4 4/644 (0.62%)

10 CYP21A1P/A2-CH-7 3 3/644 (0.47%)

Duplicated chimeras 5 types of alleles with duplicated chimeras in CYP21A2 10 (total) 1.55% (total)

1 c.844G>T, c.923dup, c.955C>T, CYP21A2/A1P 5 5/644 (0.78%)

2 c.518T>A, CYP21A2/A1P 2 2/644 (0.31%)

3 c.923dup, c.955C>T, CYP21A2/A1P 1 1/644 (0.16%)

4 c.955C>T, CYP21A2/A1P 1 1/644 (0.16%)

5 c.1024C>T, CYP21A2/A1P 1 1/644 (0.16%)

A novel deletion An allele with a novel deletion in CYP21A2 1 (total) 0.16% (total)

1 chr6:32038800-32042941_del 1 1/644 (0.16%)

HSD3B2 SNVs/Indels 2 types of alleles with SNVs/Indels in HSD3B2 2 (total) 0.31% (total)

1 c.776C>T 1 1/644 (0.16%)

2 c.1003C>T 1 1/644 (0.16%)

CYP11B1 SNVs/Indels One type of allele with SNVs/Indels in CYP11B1 2 (total) 0.31% (total)

1 c.1145T>C (VUS) 2 2/644 (0.31%)
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need for family trio tests. LRS has already been used for 
the precise diagnosis of CAH [30–32]. This study evalu-
ates the clinical efficacy and benefits of T-LRS in a large 
cohort of  322 probands with clinical presentations. It 
is suggested that T-LRS is a promising genetic test in 
CAH diagnosis. Considering the complex benefits and 
reduced cost of T-LRS, the substantial barrier  to the 
widespread clinical use of T-LRS has been reduced. 

Accurate diagnosis of T-LRS can provide opportunities 
for timely  intervention in  CAH patients, advance the 
life-long management of this complex disease and pro-
mote our understanding of CAH. Available evidence 
strongly supports the use of the  -LRS as the  first-tier 
diagnostic test for CAH probands.

Fig. 4 The spectrum of pathogenic variants derived from CYP21A1P in the 7 types of CYP21P/A2 deletion chimeras and 3 types of TNXA/B deletion 
chimeras in 322 probands. In the upper heatmap, row colors indicate the presence (dark blue) or absence (light blue) of pathogenic variants. 
Histogram at the bottom displays the variants frequency
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